The study of agent diffusion in biological tissues is very important to understand and characterize the optical clearing effects and mechanisms involved: tissue dehydration and refractive index matching. From measurements made to study the optical clearing, it is obvious that light scattering is reduced and that the optical properties of the tissue are controlled in the process. On the other hand, optical measurements do not allow direct determination of the diffusion properties of the agent in the tissue and some calculations are necessary to estimate those properties. This fact is imposed by the occurrence of two fluxes at optical clearing: water typically directed out of and agent directed into the tissue. When the water content in the immersion solution is approximately the same as the free water content of the tissue, a balance is established for water and the agent flux dominates. To prove this concept experimentally, we have measured the collimated transmittance of skeletal muscle samples under treatment with aqueous solutions containing different concentrations of glucose. After estimating the mean diffusion time values for each of the treatments we have represented those values as a function of glucose concentration in solution. Such a representation presents a maximum diffusion time for a water content in solution equal to the tissue free water content. Such a maximum represents the real diffusion time of glucose in the muscle and with this value we could calculate the corresponding diffusion coefficient.
Introduction
Laser and optical technologies in clinical practice represent a field with a significant volume of research in the past few decades. The study of light scattering in biological tissues is of major importance to improve and develop diagnostic and treatment biophotonic methodologies [1] . Imaging techniques represent an important method in clinical diagnosis and in × some cases light scattering can be used to improve such techniques. A recent study using multispectral laser scattering images in pseudo colour has been presented as a possible method for rheumatism diagnosis [2] . On the other hand, light scattering can be a disadvantage in the improvement of some optical methods used in clinical practice [3] . As we see, light scattering in biological tissue is a very important phenomenon and computational models have been developed to perform simulations of light scattering in tissue [4] .
One way to reduce light scattering and control the optical properties of tissues is to use the optical immersion clearing technique [5] . There are several diverse applications of optical clearing, depending on the type of biological tissue and the anatomical area. For instance, a study of the optical clearing of skull tissues has been presented recently, where the effectiveness of different optical clearing agents (OCAs) has been studied [6] . Other applications of optical clearing have been studied in ocular tissues [7] and blood [8] . Moreover, several methods have also been applied to study the efficiency of the optical clearing technique. Examples of these studies use backscattering circular polarized light [9] and optical coherence tomography (OCT) [10] .
Several biological tissues are considered turbid since they present a collection of scattering elements with a high refractive index that are distributed through a background material with a lower refractive index. This difference in the refractive indices of the scattering elements and background material causes light scattering, and optical clearing is an effective way to reduce this difference. Optical clearing of tissues induces tissue dehydration and refractive index matching by agent inclusion in the interstitial space of the tissue [3] . By placing an OCA in the interstitial space of the tissue and reducing the water content, the refractive index difference between the scatterers and the interstitial presented with results for the diffusion time for some OCAs such as dimethyl sulfoxide [17] , glucose [18] [19] [20] , mannitol [18] , sucrose [21] , glycerol [22] , lactose and fructose [21] in different biological tissues and phantoms. A study that was recently published provided results for glucose diffusion permeability in normal and cancerous oesophageal tissues [23] . Other studies to evaluate the efficiency of OCA concentration with tissue depth and the improved contrast of OCT images at higher tissue depths have also been reported [24] [25] [26] . Along with the experimental methods, some mathematical models have been developed to describe agent diffusion in biological tissues [3, 19, 27, 28] .
With the objective of studying OCA diffusion into skeletal muscle, we have adopted a simple method to estimate the diffusion time and diffusion coefficient of glucose. Such methods are described thoroughly in the literature [3, 27, 29] . By measuring the collimated transmittance spectra of tissue samples under treatment with different concentrated aqueous solutions of glucose we can model the time dependence of collimated transmittance for some particular wavelengths using equations similar to those that describe free diffusion. From the adjustments of experimental data with such a model we can determine the diffusion time for each treatment. The analysis of a representation of the diffusion time as a function of glucose concentration in the treatment solution allows the estimation of the true diffusion time of glucose in the refractive index matching mechanism of optical clearing.
Considering that glucose molecules have a free diffusion when entering into the interstitial space of muscle tissue, the literature indicates the equations that describe such a mechanism [3] . If we consider that a tissue sample has a slab form with thickness d, and that the agent diffuses through both surfaces of the slab at the same time, the diffusion is characterized by Fick's law [3, 27] : liquid will be reduced and consequently, light scattering will decrease [5] . Skeletal muscle is an example of a biological tissue where a significant difference between the refractive indices of the scatterers and the interstitial liquid is observed [11] . In our previous research, we have created a model for rat muscle tissue, which contains completely dry scatterers with a refractive index of 1.584 distributed through the interstitial fluid, which is composed mainly of water with a refractive index of 1.333 [12] . Such a tissue can be subjected to optical clearing to reduce such a difference [13] . As an example, some studies and applications on muscle with imaging techniques could be improved if optical clearing is used [14, 15] .
The light scattering decrease is ultimately created by the refractive index matching that occurs at optical clearing if tissue dehydration is not strong [5] . The study of OCA diffusion behaviour into the tissue is important to understand Such an equation allows the determination of the time dependence of OCA concentration Ca at any unidirectional position x between the two surfaces. In equation (1), Da represents the diffusion coefficient of the OCA in the tissue. When the OCA diffusion takes place through the two surfaces of the tissue slab, the diffusion time of OCA is related to the diffusion coefficient in the following way [3, 27] :
If the volume of solution used is significantly higher than the volume of the slab (e.g., 10 ), we can determine the amount of dissolved matter mt at an instant t to its equilibrium value m∞ according to the following definition [3] : and describe the mechanisms involved at optical clearing and the time efficiency of treatment [16] . Several OCAs are known today and different biological tissues have been used to test them at optical clearing [16] . Aiming to study the have conducted studies to determine the diffusion properties of OCAs in the past few years. Several publications were way how agents penetrate the tissues, several researchers represented the time variation of collimated transmittance for different wavelengths. The selected wavelengths were 400, 500, 600, 700, 800, 900 and 1000 nm. After representation of the time dependences observed in each treatment, for better precision in calculations, we have selected only wavelengths at each 20 nm between 600 and 800 nm, where the tissue spectral profile is mostly defined by scattering. For each of the time variations observed for those wavelengths we have displaced the natural transmittance to zero and normalized each entire data set to its highest value. In this way the time dependence observed for each particular wavelength is contained within the interval 0-1. All the displaced and normalized data sets were adjusted with lines with equations of the form:
The ratio in equation (3) defines the volume averaged concentration of an agent Ca(t) within the slab at time t. As a first-order approximation, this equation has a solution given by [3, 5] :
When making these adjustments we obtained the τ values for each adjustment. If we see that the second member of equation (5) is the same as the term in parenthesis for the second member of equation (4), the τ value in equation (5) represents the diffusion time of the combined fluxes in each From equation (4), we see a relation between the time dependence of OCA concentration within the sample and its characteristic diffusion time τ . When using that diffusion time τ in equation (2) we can calculate the corresponding diffusion coefficient. These are the two parameters that we want to estimate for glucose in skeletal muscle.
Materials and methods
To perform our study, we have selected the skeletal muscle from the abdominal wall of rat-species Wistar Han. We have sacrificed one animal and retrieved the entire muscle block from the abdominal wall. From that block and using a cryostat, we have sliced eight samples with approximately circular form of 10 mm in diameter and 0.5 mm in thickness.
Using a measurement assembly like the one presented in cross-section in figure 1, we have started by measuring the collimated transmittance of the natural sample.
The pinholes presented in figure 1 have a circular form to fix the sample. They have a central hole with 1 mm diameter to allow the passage of light. After measuring the natural sample, we have immersed the sample in an aqueous solution containing 20% of glucose. The agent is delivered by a lateral opening that is not seen in the cross-section representation in figure 1 . The collimated transmittance measurements were done every second for the whole spectrum from 400 to 1000 nm (for each second 37 spectra were averaged) for a period of 30 min. Such a procedure was repeated for the treatments with other samples and solutions containing glucose in higher concentrations. The concentrations of glucose in the solutions used were 20%, 25%, 30%, 35%, 40%, 45%, 50% and 54%. The total number of samples under study was eight, one for each treatment.
After completing the measurements the spectral data were processed. For each treatment, we have retrieved and determine this diffusion time of the mixed fluxes in one treatment we have used the diffusion time values obtained for each wavelength to calculate the mean and standard deviation value for that treatment. With the mean diffusion time values obtained for each treatment we have represented the mean diffusion time as a function of the glucose concentration in solution used in the various treatments studied. The analysis of that representation allows one to retrieve valuable information and to estimate the true diffusion time of glucose in skeletal muscle.
Results
Using the experimental assembly presented in figure 1 , we have measured the collimated transmittance in the various treatments with solutions containing the above indicated concentrations of glucose. The spectra were collected during the various treatments for a 30 min period.
Considering wavelengths between 400 and 1000 nm, we represent in figure 2 the time variations of collimated transmittance for some of the treatments.
Similar time dependences were also obtained for the other treatments. As we can see from figure 2, for the treatment with the lowest concentration of glucose in solution (20%) we have a fast diffusion and a significantly decreasing saturation regime. This means that the immersion solution contains a great amount of water compared with the tissue water content. In that case, possibly two water fluxes are created, one directed into the tissue, caused by differences between the water concentration inside and outside, and another one directed out of the tissue, caused by the osmotic action of glucose. Therefore, because of the strong involvement of small water molecules in the diffusion process, the total time response of the diffusion process is short (fast diffusion). After the saturation regime is reached, the tissue needs to treatment (water out of and glucose into the tissue). To treatment (water out of and glucose into the tissue). To compensate the partial dehydration caused by the impact of glucose, and so it starts to receive water from the solution to create a balance and tissue swelling may be created with some decay of the collimated transmittance for longer times. Such a decreasing behaviour during saturation is not seen in the other treatments presented in figure 2. Considering the various solutions used, as the glucose concentration increases (figures 2(b) and (c)), the water content in the solution becomes similar to the free water content in the tissue and the water flux decreases, becoming close to zero at a glucose concentration around 40% ( figure 2(c) ). That means that only glucose diffuses freely in the system, and the diffusivity parameters depend only on the diffusion parameters of the larger glucose molecules, thus we see a maximal value of the measured diffusion time ( figure 2(c) ). However, at still higher glucose concentration we see once again a decreased diffusion time τ ( figure 2(d) ), because water is once again involved in the diffusion process, with the main flux directed from the tissue to the surrounding solution due to glucose hyperosmolarity.
Selecting the data sets observed for wavelengths between 600 and 800 nm we have made the above described normalization for each wavelength and treatment, then using equation (5) we have calculated corresponding values of the diffusion time. For a particular glucose concentration, the mean and standard deviation of the diffusion time, measured at 11 wavelengths, was calculated. Table 1 lists the various concentrations of glucose in solution used and Using the values in table 1 we represent in figure 3 the mean diffusion time of glucose as a function of glucose concentration in the solutions used in the various treatments. Figure 3 also contains the fit to the data made with a natural spline.
We can see in figure 3 that the fit made to the data presents a maximum for a concentration of 40.5%. This maximum indicates that an aqueous solution with that concentration of glucose would have the same amount of water as the free water in the tissue. In such a case no water flux occurs, just glucose flux into the tissue. From the plot in figure 3 , we have obtained a diffusion time of 302.9 s for glucose. This value represents the true diffusion time of glucose in the skeletal muscle. Using this value in equation (2), we can calculate the diffusion coefficient of glucose in muscle: the calculated mean diffusion time and standard deviation for each treatment:
. In this calculation we have used a slab thickness of 0.5 mm.
In this way we have estimated the diffusion properties of glucose in skeletal muscle from the spectral measurements of the collimated transmittance.
Conclusions
As we can see from the results presented above, we were able to use a simple method to identify the diffusion time and diffusion coefficient of glucose in skeletal muscle during optical clearing. From our measurements and analysis we could also estimate the tissue as having a free water content of 59.5%. This value is smaller than the 75.6% of total water content for the skeletal muscle of rat [30] . This means that the remaining 16.1% of water is bound to the tissue components and does not participate in the dehydration mechanism at optical clearing, at least on a timescale of 30 min. After estimating these properties, we can now use the diffusion coefficient in equation (4) to determine the time dependence of glucose concentration inside the muscle for any treatment with a solution of known glucose concentration.
After performing this study, it becomes imperative to perform similar studies with different OCAs to determine their corresponding diffusion properties in the skeletal muscle. As single wavelength measurements of the collimated transmittance are sufficient for quantification of the diffusion parameters, brighter light sources, such as lasers and LEDs, could be used to make measurements for thicker tissue samples.
